Introduction. Progressive familial intrahepatic cholestasis type 3 (PFIC-3) is a severe liver disorder associated with inherited dysfunction of multidrug resistance protein 3 (MDR3/ABCB4), which functions as a phospholipid floppase, translocating phosphatidylcholine from the inner to the outer hemileaflet of the canalicular membrane of hepatocytes. MDR3 deficiency results in a disbalanced bile which may damage the luminal membrane of cells of the hepatobiliary system. We evaluated clinical, biochemical and histological improvement in a genetically proven PFIC-3 patient after long-term ursodeoxycholic acid (UDCA) administration. Material and methods. A PFIC-3 patient and a relative with cholestatic liver disease were studied. Hepatic MDR3 expression was analyzed by immunohistochemistry and ABCB4 mutations were identified. The effect of the mutations on MDR3 expression and subcellular localization was studied in vitro. Results. A 23-year-old man presented cholestasis with severe fibrosis and incomplete cirrhosis. Canalicular staining for MDR3 was faint. Sequence analysis of ABCB4 revealed two missense mutations that reduce drastically protein expression levels. After 9 years of treatment with UDCA disappearance of fibrosis and cirrhosis was achieved. Conclusion. These data indicate that fibrosis associated with MDR3 deficiency can be reversed by long-term treatment with UDCA, at least when there is residual expression of the protein.
INTRODUCTION
Progressive familial intrahepatic cholestasis type 3 (PFIC-3) is a severe autosomal recessive liver disorder associated with disruption of ABCB4 gene, which encodes multidrug resistance protein 3 (MDR3). 1 MDR3 functions as a phospholipid floppase, translocating phosphatidylcholine from the inner to the outer hemileaflet of the canalicular membrane of hepatocytes. 2 The secretion of this phospholipid is of crucial importance in the protection of the cellular membranes of the biliary tree against the high concentrations of detergent bile salts. MDR3 deficiency is suggested to result in a disbalanced bile which may damage the luminal membrane of cells of the hepatobiliary system. 3 Mutations in this gene are associated with a broad spectrum of hepatobiliary disorders ranging from PFIC-3 to low phospholipid-associated cholelithiasis (LPAC) and intrahepatic cholestasis of pregnancy (ICP). 4, 5 PFIC-3 manifests in infancy or adolescence and may lead to end-stage liver disease. Affected children usually present with jaundice, hepatomegaly, discolored stools or pruritus. Presentation in adolescents is usually with gastrointestinal bleeding and cirrhosis. Biochemical features include markedly elevated serum γ-glutamyl transpeptidase (GGT) activity and normal cholesterol levels. In early stages, liver biopsy shows ductular proliferation, portal inflammatory infiltrate and moderate portal fibrosis. At later stages, broad portal fibrosis and biliary cirrhosis are evidenced. 1, 4 The severity of liver disease varies among PFIC-3 individuals. Approximately one half of patients benefit from oral administration of ursodeoxycholic acid (UDCA). This therapy normalises liver function tests and seems to prevent progression towards cirrhosis. Non-responders ultimately require liver transplantation during infancy or childhood. 6 These differences in outcomes have been attributed to the type of mutation in ABCB4 gene. 1 Patients harboring ABCB4 mutations which result in a lack of expression of MDR3 at the canalicular membrane of the hepatocyte develop severe liver disease refractory to UDCA treatment, 7, 8 whereas milder forms of the disease and favorable responses to this therapy are hypothesized to be due to missense mutations that reduce but do not abolish MDR3 activity. 4, 9, 10 In fact, it was recently demonstrated the correlation between the impact of ABCB4 mutations on the degree of MDR3 expression and floppase activity and the clinical outcomes of PFIC3. 11 In this study we documented clinical, biochemical and histological improvement in two related PFIC-3 patients, with reversal of advanced fibrosis and incomplete cirrhosis in one of the cases, after several years of treatment with UDCA. On the other hand, we report one new mutation in ABCB4 gene underlying this liver disorder in both patients. To shed light on genotype-phenotype correlations, we have also analyzed the expression of both MDR3 mutants in cultured cells.
MATERIAL AND METHODS

Clinical characterization of the patients
Patient 1 (P1) was a 23-year-old male who was referred to Argerich Hospital (Buenos Aires, Argentina) in 2004 because of generalised pruritus (predominantly nocturnal and intensified in palms and foot soles) and coluria. His brother had died at 16 years old by upper gastrointestinal hemorrhage caused by esophageal varices bleeding due to cholestatic cirrhosis. An initial liver biopsy in P1 showed signs of chronic cholestasis, severe fibrosis and incomplete cirrhosis with presence of remanent portal tracts and ductopenia (Metavir score F4, Figures 1A and 1B show representative fields, thirty portal tracts were analysed).
Blood analyses revealed very high levels of alkaline phosphatase (ALP, 2542 IU/L; NV < 200 IU/L) and γ-glutamyl transpeptidase (GGT, 994 IU/L; NV < 48 IU/L), increased levels of total and direct bilirubin (4.37 and 2.45 mg/dL respectively; NV < 1.9 mg/dL and NV < 0.3 mg/dL, respectively), alanine aminotransferase (ALT, 982 IU/L; NV < 40) and aspartate aminotransferase (AST, 403 IU/L; NV < 38 IU/L). Platelets, leucocytes and levels of cupper in blood and urine were normal. Autoantibodies and viral serology for HAV, HBV and HCV were negative. Ultrasonography and magnetic resonance cholangiography were normal and no esophageal varices were detected by upper gastrointestinal endoscopy. Spleen size was normal.
Patient 2 (P2) is P1's aunt (sister of his mother), a 35-year-old woman who also presented cholestasis with slightly increased levels of ALP (385 IU/L) and GGT (178 IU/L), ALT and AST in the upper normal limit (40 and 38 IU/L respectively), and normal levels of bilirubin and platelets. Autoantibodies and viral serology for HAV, HBV and HCV were negative. Her first liver biopsy revealed ductopenia in less than 20% of tracts and conserved histoarchitecture. She was the only living relative diagnosed with cholestasis in the familiar screening performed to detect the disease.
Both patients have been treated with UDCA since cholestasis was detected (for 9 and 4 years respectively). P1 started treatment with a 15 mg/kg/day dose for two months and then it was increased to 20 mg/kg/day. P2 have been treated with a 12 mg/kg/ day dose since the liver biopsy, performed in November 2009.
Informed consent was obtained from both patients included in this study and the protocol was approved by the Ethics Committee of Argerich Hospital and is in accordance with the Helsinki Declaration of 1975.
Histologic analysis and immunohistochemistry
Perls' Prussian blue, PAS, Masson trichrome and Hematoxylin & Eosin stained liver biopsy sections were assessed by a pathologist (MA) unaware of the sequencing analysis results.
Immunohistochemical studies were carried out on needle biopsy specimens fixed in 10% formalin and embedded in paraffin. Detection of MDR3 and MRP2 was performed by the antigen-retrieval method as previously described 12 using a mouse monoclonal anti-MDR3 (clone P3II-26; Merck Millipore, Billerica, MA, USA) and a mouse monoclonal anti-MRP2 (clone M2III-6; Merck Millipore, Billerica, MA, USA) as primary antibodies, at a 1:20 dilution. Liver sections of three patients without ABCB4 mutations (two patients with PFIC-2 and one patient with PFIC-1) were used for comparison of intensity of MDR3 staining.
Transient elastography
A transient hepatic elastography was performed to P1 (in order to measure liver stiffness) using FibroScan ® (Echosens, Paris, France). Ten measures were done (SR 100%).
Genetic analysis
Genomic DNA was obtained from whole blood using columns for DNA extraction (QIAamp DNA Mini kit, QIAGEN). All 27 coding exons of ABCB4 gene (exons 2 to 28) and flanking intron-exon boundaries for P1 and exon 4 of ABCB4 gene for P2 were amplified by polymerase chain reaction and sequenced on both strands using the 1.1 Big Dye Terminator RRMix (Applied Biosystems Inc., Foster City, CA, USA) and an ABI PRISM ® 3100 sequencer. Primer sequences are available upon request. Each PCR contained 300 ng genomic DNA, with each primer at a concentration of 0.8 μmol/L, 0.14 mmol/L deoxynucleoside triphosphates (Invitrogen), 1.0 mmol/L magnesium chloride, and 2.5 U Taq polymerase (Invitrogen).
Site-directed mutagenesis
The substitutions R47Q and T82N were introduced into the plasmid pReceiver-M02-MDR3 (Capital Biosciences, Rockville, MD, USA), which contains the full open reading frame of ABCB4, by site-directed mutagenesis using the QuickChange II system (Stratagene, La Jolla, CA, USA). Primers used for mutagenesis were as follows (top strand shown; mutated nucleotides are in lowercase): R47Q, 5'-CATTGTTTCaATACTCCGATTGGC-3'; T82N, 5'-GGAGAGATGAaTGACAAATTTG-3'.
Successful mutant construction was confirmed by sequencing.
Cell culture, transient transfections and immunofluorescence
MDCKII and HEK293T cells were cultured in Dulbecco's modified Eagle's medium supplemented with 
Western blot analysis
SDS-PAGE and Western blotting were performed as previously described 13 using 30 μg of total proteins. Anti-MDR3 and anti-Na/K-ATPase (Santa Cruz Biotechnology, Santa Cruz, CA, USA) antibodies were used at a 1:20,000 and 1:3,000 dilution, respectively. Immune complexes were visualised by chemiluminescence, using the ECL Advanced Western Blotting Detection Kit (GE Healthcare, Buckinghamshire, UK).
RESULTS
Histologic and biochemical analysis, Immunohistochemistry and Transient elastography
An initial liver biopsy of P1 in 2004 showed severe fibrosis with incomplete cirrhosis and cholestasis ( Figures 1A and 1B) . Immunohistochemical analysis of the liver biopsy showed positive canalicular detection but reduced expression of MDR3 protein ( Figures 1D, 1F) . Canalicular staining for MRP2 was normal ( Figure 1E ). Biochemical and histologic features were consistent with high GGT progressive familial intrahepatic cholestasis (PFIC-3) and biliary cirrhosis.
After a few months of treatment with UDCA, the patient progressively improved the symptoms and biochemical alterations of cholestasis (Figure 2) . A liver biopsy performed in 2009 (4.5 years after initiated the treatment) showed absence of specific lesions of fibrosis or cirrhosis ( Figure 1C , eight portal tracts were analysed, a representative field is shown) and liver function tests remain unchanged since then (Figure 2 For P2, the first biopsy showed ductopenia in less than 20% of bile ducts and conserved histoarchitecture. After two years of treatment with UDCA, a new biopsy showed a moderate diffuse ductular reaction, absence of progression and minimal histological changes. Blood 
Genetic analysis
Sequence analysis revealed that P1 was a compound heterozygote for two missense mutations in exon 4 of ABCB4: c.140G > A and c.245C > A, (p.R47Q and p.T82N respectively; the first of them located in a cytoplasmic domain and the latter in an extracellular domain). Nucleotide and aminoacidic sequence reference were NG_007118.1 and NP_061337.
Genetic analysis of P2 showed a missense mutation in ABCB4 shared with her nephew, c.245C>A (p.T82N).
In vitro studies of ABCB4 mutations
In order to determine whether these substitutions affected subcellular localization or expression of MDR3, MDCKII and HEK293T cells were transfected with expression vectors containing wild-type or the mutated versions of MDR3 (R47Q and T82N) and were analyzed by either immunofluorescence or Western blot.
Due to the low transfection efficiency in MDCK-II cells, for studying the effects of both mutations on MDR3 expression, HEK293T cells were used. Transfection efficiency, as assessed by fluorescence microscopy after MDR3 staining with an anti-MDR3 antibody, was estimated to range between 70-80% with the different cDNA constructs. Results obtained from immunofluorescence showed that both MDR3 mutants display normal apical localization, similar to the wild-type protein ( Figure 3A ), but Western blotting revealed a marked decrease in their expression levels ( Figure 3B ). Thus, R47Q and T82N mutations do not alter MDR3 localization, but lead to reduced protein levels.
DISCUSSION
This report documents clinical, biochemical and histological improvement with reversion of advanced fibrosis and incomplete cirrhosis in one PFIC-3 patient after long-term treatment with UDCA. In this disorder, the severity of cholestasis, the time of presentation and the favourable response to UDCA therapy seems to depend on the degree of penetrance of the genetic defect. 4, 6 The phenotypic characterization of the mutations found in our patient confirms this assumption, since R47Q and T82N do not impair the canalicular expression of MDR3, but they result in a dramatic reduction in the levels of the protein, a finding that correlates with data from the immunohistochemical analysis of the liver biopsy. Interestingly, none of the mutations observed in our patient have been previously described either in the Human Gene Mutation Database or in previous clinical studies. However, it was reported that mutations at R47 impair phosphorylation of N-terminal domain of MDR3, which is determinant for PC secretion. 14 It was reported that R47G mutated protein has similar localization and stability to wild-type protein, but PC secretion activity resulted markedly decreased because of this lack of phosphorylation of neighboring residues, either Thr44 or Ser49. The finding of the mutation T82N in the affected aunt with PFIC3 is a strong evidence of the association of this mutation with the cholestatic disease. As was previously reported, patients with missense mutations in ABCB4 that presumably reduce but not abolish MDR3 activity have a slow progression of the liver disease and may benefit from chronic treatment with UDCA. 1 The benefit of UDCA can be explained by experimental and clinical evidence suggesting that at least four mechanisms of action are involved in the beneficial therapeutic effects of UDCA in cholestatic disorders:
• An increased hydrophilicity index of the circulating bile acids pool; • Stimulation of hepatocellular and ductular secretions; • Cytoprotection against bile acids and cytokineinduced injury; and • Immunomodulation and anti-inflammatory effects.
The predominant mechanism of action of UDCA may vary according to the pathophysiology of the underlying cholestatic disorder. 15 In this patient, UDCA administration led to substantial clinical and biochemical improvements, with fibrosis regression and apparent disappearance of cirrhosis, as assessed both histologically and by transient elastography. The possibility to reverse hepatic fibrosis and cirrhosis in patients with chronic liver disease is still controversial. However, evidence of fibrotic regression after successful treatment of the underlying liver disease has been documented for several chronic disorders, including viral hepatitis, autoimmune hepatitis and NASH. 16, 17 Furthermore, recent studies support reversal of cirrhosis in HBV-infected patients upon achieving a sustained viral response from antiviral therapy. 18 To our knowledge, this is the first description of advanced fibrosis reversal in a cholestatic condition after a long-term treatment with UDCA.
